A B ST R ACT: Intercalation of the tris(2,2'-bipyridine)ruthenium(II) complex cation into a layered silicate (magadiite; the ideal formula for which is Na2Si14029.nH20) was investigated. Since the complex cation did not intercalate by a direct ion exchange reaction with the interlayer Na ions in an aqueous medium, dodecyltrimethylammonium exchanged magadiite was used as a precursor. Depending on the loading of the complex cations and the solvents employed for the reactions, two types of tris(2,2'-bipyridine)mthenium(II)-magadiite intercalation compounds formed. One has a basal spacing of -2.9 nm due to a large amount of the dodecyltrimethylammonium ions which remained in the interlayer space of magadiite and coexisted with the intercalated tris(2,2'-bipyridine)ruthenium(II) complex cations. The other has a basal spacing of -2.0 nm because the intercalated tris(2,2'-bipyridine)ruthenium(II) complex ions form a monolayer in the interlayer space of magadiite.
Intercalation of organic guest species into layered inorganic solids is one way to construct ordered inorganic-organic assemblies with unique microstructures controlled by host-guest and guest-guest interactions (Whittingham & Jacobson, 1982; Miiller-Warmuth & Sch611horn, 1994) . Intercalation of photoactive species such as organic dyes into layered solids has been investigated to understand both the nature of host-guest systems and to prepare novel photofunctional supramolecular systems (Ogawa & Kuroda, 1995) , since the characteristics of the photoprocesses are sensitive to the environment in which the photoactive species are adsorbed (Ramamurthy, 1991; Klafter & Drake, 1989) .
Yris(2,2'-bipyridine)ruthenium(II) (abbreviated as Ru(bpy)32+) is one of the photoactive species studied most extensively because of its unique combination of properties, which include chemical stability and luminescence (Kalyanasundaram, 1992) . Since the spectroscopic features of Ru(bpy)32+ are sensitive to the local environment, photochemical and photophysical investigations are useful for the study of surface phenomena (Anpo & Matsuura, 1989; Thomas, 1989) . In other words, the attractive properties of Ru(bpy)32+ call be modified by introducing it into appropriate matrices. Photochemical and photophysical studies of Ru(bpy)32+ on clay minerals and other layered materials (Thomas, 1988; Ogawa & Kuroda, 1995; Ogawa et aL, 1993; Nakato et al., 1995; Awalludin et al., 1995; Kumar & Williams, 1995; Jakubiak & Francis, 1996) have taken advantage of this sensitivity. Yamagishi (Yamagishi, 1987) has shown that optical isomers of Ru-and Fepolypyridine chelate complex ions have different adsorption behaviours toward montmorillonite.
Magadiite (of ideal formula Na2Six4029.nH20) is a layered silicate (Eugster, 1967; Lagaly et al., 1975a,b; Lagaly, 1979; Rojo et al., 1988) which is capable of incorporating guest species in the interlayer space to form intercalation compounds. The intercalation of organoammonium ions (Lagaly et al., 1975a) , polar molecules (Yanagisawa et al., 1990) , the preparation of the organosilane grafted (Ruiz-Hitzky & Rojo, 1980; Ruiz-Hitzky et al., 1985; Yanagisawa et al., 1988a,b) and pillared derivatives (Landis et al., 1991; Dailey & Pinnavaia, 1992; Sprung et al., 1990; Wong & Cheng, 1993) have been reported previously. Compared with smectites, the most extensively studied group of layered clay minerals used for organizing organic guest species (Theng, 1974) , magadiite possesses some unique properties for organizing guest species. (1) The cation exchange capability arises from the surface silanol groups; (2) the density of the cation exchange sites on the layer surface is expected to be higher than those of smectites; and (3) it can be prepared conveniently in the laboratory by hydrothermal synthesis. However, the intercalation of guest species is not so easy when compared with smectites. Consequently, studies of the preparation of intercalation compounds using magadiite have been limited. In this paper, the intercalation of Ru(bpy)32+ into magadiite is reported. By using dodecyltrimethylammonium ion-exchanged magadiite as a precursor, Ru(bpy)32+ has been successfully intercalated into the interlayer space of magadiite. EXPERIMENTAL amounts of Ru(bpy)32+ were determined by the change in the absorbance of the Ru(bpy)32+ MLCT band at 450 nm between the starting solution and the supernatant.
Sample characterization
X-ray powder diffraction was performed on a Rigaku RAD 1B diffractometer using monochromatic Cu-K~ radiation. Infrared spectra (IR) of the KBr disks were recorded on a Shimadzu FTIR-8200PC spectrophotometer. A total of 250 scans were collected with a resolution of 2.0 cm -~. Visible absorption spectra were recorded on a Shimadzu UV-3100PC spectrophotometer. Differential thermal analysis (DTA) and thermogravimetrie (TG) analysis were performed on a SEIKO TG/DTA 300 instrument with a heating rate of 10~ rain -1 with s-alumina as the standard. Luminescence spectra were recorded on a Hitachi F-4500 fluorospectrophotometer in the range 500-800 nm with the excitation at 470 nm. The band width of the excitation wavelength and emission wavelength was 1.5 nm.
Materials
Sodium-magadiite was synthesized using the method described by Kosuge et al. (1992) Dodecyltrimethylammonium (abbreviated as C12TMA-) chloride (Tokyo Kasei Industries Co.) and Ru(bpy)3Cl2.6H20 (Aldrich) was used as received.
Preparation of the intercalation compounds
Intercalation of Ru(bpy)32+ into Na-magadiite was carried out by mixing Na-magadiite into an aqueous solution of Ru(bpy)32+C12 and the mixture was allowed to react for several days at room temperature. After centrifugation, the resulting solid was washed with acetone and air dried. The C12TMA-magadiite was prepared by the method similar to that described by Lagaly et al. (1975b) , in which Na-magadiite was allowed to react with 0.1 M C12TMA chloride aqueous solution at room temperature and subsequently washed with acetone repeatedly until a negative test with AgNO3 was obtained. The C12TMA-magadiite was allowed to react with an acetone or methanol solution of Ru(bpy)32+. The resulting orange solids were washed with acetone and dried in air. The adsorbed
RESULTS
The X-ray diffraction (XRD) pattern of the product obtained by the reaction between Ru(bpy)32+ and Na-magadiite showed a basal spacing of -1.6 nm, which is the same as that for Na-magadiite, indicating that Ru(bpy)3 z+ did not intercalate into magadiite.
In order to intercalate Ru(bpy)32+ into the interlayer space of magadiite, C12TMA-exchanged magadiite was prepared by the reaction of Namagadiite with an aqueous solution of CI2TMA chloride and used as a precursor. The XRD pattern of the C12TMA-magadiite (Fig. lb) shows that the basal spacing of the product was 2.9nm, confirming the expansion of the interlayer space. The IR spectrum of the product showed absorption bands characteristic of C12TMA, such as CHstretching vibration at ~2900 cm -1. On the DTA curve of the product, broad exothermic peaks due to the oxidative decomposition of the C12TMA ions appeared between 300 and 500~ The composition of the product was determined by elemental analysis to be 24.2% C and 1.9% N. Using the elemental analysis data and the TG result (which shows 4 wt% of adsorbed water) the amount of the intercalate CI2TMA was determined to be 1.8 mol per formula unit (pfu) of magadiite {(C12TMA)l.s.Si14029.nH20}. All these observations are consistent with those reported previously for the C12TMA-magadiite by Yanagisawa et al. (1988a,b) confirming the formation of the C 12TMA-magadiite.
Orange solids were obtained from the reactions between the C12TMA-magadiite and Ru(bpy)32+. Figure 1 c shows the XRD pattern of the product when the loading of Ru(bpy)32+ was 1.4 mol pfu of magadiite. The d value of the C12TMA-magadiite (2.9 nm) decreased to ~2.0 nm, suggesting that the interlayer C12TMA ions were replaced with Ru(bpy)32+. In addition the IR spectrum of the product showed no absorption bands characteristic of C12TMA. On the DTA curve, the broad exothermic peaks associated with the oxidative decomposition of the C12TMA ions disappeared and a very sharp exothermic peak appeared near 370~ Since the TG curve of the product showed a weight loss at this temperature (370~ the exothermic peak observed on the DTA curve was attributed to the oxidative decomposition of the Ru(bpy)32+ ions. These observations indicate that Ru(bpy)32+ ions were intercalated into the interlayer space of magadiite and replaced the C12TMA ions.
The amount of Ru(bpy)32 § was determined to be ~0.45 mol p.f.u, of magadiite (Si14029). The TG-DTA curve of the product showed no weight loss which could be attributed to the decomposition of the adsorbed C12TMA ions, indicating that the C12TMA ions were deintercalated during the intercalation of Ru(bpy)32 § Figure 2 shows the luminescence spectrum of the Ru(bpy)32+-magadiite intercalation compound as a typical example. The luminescence maximum was observed at -600 nm, which was slightly blueshifted from that of an aqueous solution of Ru(bpy)32 § (608 nm).
Since the proximity of the intercalated Ru(bpy)32 § cations affects their excited state behaviour, Ru(bpy)32+-magadiite intercalation compounds with different amounts of Ru (bpy) were prepared. Figure 3 shows the XRD patterns of the products prepared at lower loadings of Ru(bpy)32+ (0.07, 0.15 and 0.28 mol Ru(bpy)32+ pfu of magadiite). It is known that Ru(bpy)32+ cations segregate upon adsorption on smectites (Ghosh & Bard, 1984) . The XRD patterns of the products exhibited single basal spacings, indicating that the Ru(bpy)32+ cations did not segregate in the interlayer space of magadiite. The expansion of the interlayer spacing for the Ru(bpy)32+-magadiite intercalation compounds was ~0.9 nm, indicating that the intercalated Ru(bpy)32 § formed a monolayer in the interlayer space of magadiite. The C12TMA ions remained to some extent even after the intercalation of Ru(bpy)32+. The amounts of the remaining C12TMA were determined by subtracting the organic C content due to the adsorbed Ru(bpy)32+ from the total organic contents obtained by elemental analysis. The amounts of the adsorbed Ru(bpy)32+ and the remaining C12TMA are also listed in Table 1 . The amounts of the remaining C12TMA were not very large, suggesting that the arrangement of the C12TMA cations in the interlayer space of magadiite changed significantly when Ru(bpy)32+ was present since there was no dspacing which could be attributed to C12TMA-expanded magadiite. The luminescence spectra of the products with lower loadings of Ru(bpy)3 z+ also showed a luminescence band due to the LMCT transition of Ru(bpy)3 2+, The wavelength of the luminescence maxima as a function of the loading amount of Ru(bpy)3 2+ is shown in Fig. 4 (open circles) . The extent of the blue shifts of the luminescence maxima became greater as the amount of Ru(bpy)3 > decreased. When acetone was used as solvent for the intercalation of Ru(bpy)32+, the XRD patterns of the products (Fig. 5) were different from those of the products prepared using methanol. When the loadings of Ru(bpy)32+ were low, (0.007, 0. 035, 0.070 and 0.14 mol Ru(bpy)32+ pfu of magadiite) the basal spacings were essentially unchanged from the starting C12TMA-magadiite at ~2.9 nm. The amount of the remaining C12TMA ions in these samples were determined as before and are also listed in Table 1 .
The luminescence spectra of the Ru(bpy)32+-magadiite intercalation compounds prepared using acetone as a solvent showed a LMCT band at around 600 nm. The wavelength of the luminescence maxima as a function of the loading amount of Ru(bpy)3 2+ is also shown in Fig. 4 (filled circles). Once again enhanced blue shifts as the loading of Ru(bpy)3 2+ decreased.
DISCUSSION
The results of the XRD, elemental analysis, and IR and luminescence spectra revealed that the Ru(hpy)32+-magadiite intercalation compounds with various loadings of Ru(bpy)32+ had been prepared successfully using C12TMA-magadiite as a precursor. Organoammonium-exchanged magadiites have been used as precursors for grafting of the surface silanol groups (Yanagisawa et al., 1988a (Yanagisawa et al., ,b, 1990 and for the pillaring with silica (Dailey & Pinnavaia, 1992) and alumina (Wong & Cheng, 1993) . In the present system, the use of the precursor (C 12TMA-magadiite) led to success in introducing Ru(bpy)32+ ions in the interlayer space of magadiite. The intercalation of various photoactive species into layered solids have been reported previously (Ogawa & Kuroda, 1995) , and the resulting supramolecular systems exhibited unique photoprocesses controlled by their micro- structures. The success in introducing Ru(bpy)32* ions into the interlayer space of magadiite may open up new opportunities to construct novel photofunctional intercalation compounds from magadiite. When methanol was employed as the solvent for the introduction of Ru(bpy)32+, intercalation compounds with basal spacings of -2,0 nm were obtained. Since the thickness of the silicate layer of magadiite was considered to be same as that (1.1 nm) of dehydrated H-magadiite (Rojo et aL, 1988) , the interlayer spacing of the Ru(bpy)32 § magadiite intercalation compound was estimated to be 0.9 nm by subtracting the thickness of the silicate layer (1.1 nm) from the observed basal spacing (2.0 nm). The intercalation of tris(bpy) chelate complex ions into smectites requires the expansion of the interlayer space by ~0.8 nm (Traynor et aL, 1978; Ogawa et aL, 1991) and the intercalated complex ions were arranged as a monomolecular layer with their 3-fold axis perpendicular to the silicate sheet. The gallery height of the Ru(bpy)32+-magadiite intercalation compound (0.9 nm) indicates that a monolayer arrangement of the intercalated Ru(bpy)32 § in the interlayer space of magadiite had occurred.
The data in Table 1 show that some of the C12TMA ions were deintercalated during the reaction with Ru(bpy)32 § The deinterealation was confirmed by using thermal analysis and IR spectroscopy. The exchange reactions between C12TMA and Ru(bpy)3 a § ions were not stoichiometric and excess amounts of C12TMA ions were deintercalated during the intercalation of Ru(bpy)32+. It is suggested that the ensuing negative charge deficit was compensated by protons which were adsorbed during the intercalation of Ru(bpy)3 2 §
The maximum adsorbed amount of Ru(bpy)32 § achieved in this study was 0.45 mol pfu of magadiite (Si14029,nH20), Larger amounts of Ru(bpy)32 § may be adsorbed by adding a large excess amount of Ru(bpy)32 § or repeated contact with Ru(bpy)32 § Since the exact crystal structure of magadiite is not clear at present, it is very difficult to determine the detailed packing density of the intercalated Ru(bpy)3 z § The adsorbed amount of Ru(bpy)3 z § can be roughly estimated to be -1 mmol/g silicate, which is close to the CEC of typical smeetites. Since the thickness of the silicate layer of magadiite is similar to those of smectites, the adsorbed Ru(bpy)32 § ions occupy the interlayer space without producing significant void spaces as estimated for the Ru(bpy)32+-smectites intercalation compounds (Traynor et aL, 1978; Ogawa et al., 1991) . When the adsorbed amounts of Ru(bpy)32+ were lower, interlayer micropores between the intercalated Ru(bpy)32+ ions may exist and a part of the interlayer spaces might be occupied by the remaining C12TMA ions.
The luminescence maxima were observed at ~600 nm, which is slightly blue-shifted from that of an aqueous solution of Ru(bpy)3 a+ (608 nm). When Ru(bpy)32+ is incorporated in hydrophobic matrices such as micelles (Kunjappu et aL, 1990) , the luminescence maxima shift towards longer wavelengths (red shift), Conversely, in lowtemperature glasses, blue-shifted luminescence maxima have been observed. Wheeler & Thomas (1982) observed a luminescence blue shift upon the adsorption of Ru(bpy)32+ on colloidal silica and explained that the rigid nature of the environment prevented the excited state from fully relaxing to cause the emission shift. When Ru(bpy)32 § was adsorbed in cellulose, the luminescence spectra changed around the melting point of the cellulose (Milosauljevic & Thomas, 1985) . It was supposed that the increased possibility for relaxation in a more fluid state caused the spectral shift. The blue shifts of the luminescence maxima observed in the present system suggest a hydrophilic and/or rigid nature of the interlayer space of magadiite.
When compared with spectra observed for the Ru(bpy)32+-smectite systems (Ogawa et aL, 1993) , the luminescence maxima observed for the Ru(bpy)32+-magadiite system appeared at lower wavelengths. This suggests that the interlayer space of magadiite is more hydrophilic than that of smectites. The surface silanol groups of magadiite are thought to provide this hydrophilicity, although the exact number and distribution of these groups are not clear at present.
The extent of the blue shifts in the luminescence maxima became greater as the loading of Ru(bpy)32 § decreased (Fig. 4) . In our previous study on the luminescence of Ru(bpy)32 § adsorbed on fluortetrasilicic mica with poly(vinylpyrrolidone), the luminescence shifted towards the blue as the loading of Ru(bpy)32 § decreased (Ogawa et al., 1993) . Col6n and coworkers (1987) found a corrresponding concentration dependence of the luminescence maxima for Ru(bpy)32 § intercalated in Zr phosphate sulphophenylphosphonate at different loadings and attributed the spectral shifts to the hydrocarbon-like environment generated by both the neighbouring bpy and the hydrophobic nature of phenyl rings. In the present study, the greater blue shifts observed at lower Ru(bpy)32+ loadings can also be attributed to the reduced hydrophobicity caused by the separation from neighbouring bpy as reported previously.
When acetone was used as the solvent, the CI2TMA ions remained in the interlayer space and the Ru(bpy)32+ replaced only a part of the C12TMA ions to coexist with the remaining C12TMA ions in the interlayer space of magadiite. Efforts have been made to vary the microenvironments of the adsorbed Ru(bpy)32+ on layered solids by coadsorption with photoinactive species (Ogawa et al., 1993; Kumar & Williams, 1995) . The observed difference in the basal spacings achieved by changing the solvent suggests that there is a difference in the state of the adsorbed Ru(bpy)32 § in the interlayer space of magadiite.
Increased blue shifts as the Ru(bpy)3 > loading decreased were also observed when acetone was used as the solvent (Fig. 4) . It should be noted here that the luminescence maxima observed for the Ru(bpy)3>-magadiite intercalation compounds prepared using acetone appeared at shorter wavelength regions than those observed for the corresponding Ru(bpy)32+-magadiite intercalation compounds prepared using methanol (with the similar loading amount of Ru(bpy)32 § This difference can be attributed to the hydrophilicity of the head group of the C12TMA in the interlayer space. The XRD patterns showed a single basal spacing of 2.9 nm, indicating that the adsorbed Ru(bpy)32 § coexisted with the remaining C12TMA ions in the same interlayer of magadiite. The intercalated Ru(bpy)32 § ions were located at the surface of the silica layer of magadiite and the remaining cation exchange sites were covered with protons (silanol groups) or the head group of the C12TMA. Thus, the greater blue shifts of the luminescence of the adsorbed Ru(bpy)32 § for the Ru(bpy)32+-magadiite intercalation compounds prepared using acetone are thought to reflect the hydrophilicity of the head group of the C12TMA. Thus, the present method may represent a promising way to introduce Ru(bpy)32 § in a controlled manner.
CONCLUSIONS
Ru(bpy)32+-magadiite intercalation compounds containing various amounts of Ru(bpy)32+ were successfully prepared using C l2TMA-magadiite as a precursor, The luminescence spectra of the adsorbed Ru(bpy)32 § exhibited gradual blue shifts with a decrease in the amount of Ru(bpy)3 z+, suggesting that the adsorbed Ru(bpy)32+ ions locate at the surface of the silicate layer and sense the hydrophilicity of the silanol groups and the head groups of the co-adsorbed dodecyltrimethylammonium ions. Depending on the amount of Ru(bpy)3 z § and the actual solvent used for the reaction, two types of Ru(bpy)3e+-magadiite intercalation compounds formed. One shows a basal spacing of ~2.9 nm, in which a significant amount of the original dodecyltrimethylammonium ions remain in the interlayer space of magadiite and coexist with the intercalated Ru(bpy)3 z § The other exhibits a basal spacing of -2.0 nm, in which the intercalated Ru(bpy)32+ forms a monolayer in the interlayer space of magadiite.
